Coastal lagoon hydrodynamics are strongly influenced by sea water exchange, especially when the connection between the lagoon and the sea is artificially regulated. These situations increase the complexity of the hydrodynamic regime, requiring the use of numerical models to understand their behaviour. Traditionally, one-dimensional models have been used, although in recent years, the development of two-dimensional shallow water models and advanced numerical techniques have increased notably. However, most of the existing bi-dimensional models consider the connection to the sea as a boundary condition, and they do not take into consideration the sea-lagoon exchange. In this paper, a fully two-dimensional hydrodynamic model of a heavily regulated coastal lagoon, which includes the artificial connection with the sea, is presented. The model allows the characterization of water level variation in the lagoon, taking into account the combined effect of different forcings. This model consists of two hydrodynamic modules: a long wave module (two-dimensional depthaveraged) which includes the analysis of a system of sluice gates, and a wind module (quasi threedimensional). The model was successfully calibrated and validated with real data, showing its ability to accurately describe the hydraulic dynamics of regulated coastal lagoons.
INTRODUCTION
Hydrodynamic modelling of artificially-connected shallow coastal lagoons is very complex because it must include several factors. For example, differences in water level between the sea and the lagoon will determine the magnitude and direction of the flow through the connection domain.
Other factors that should be taken into consideration are water inflows to the coastal lagoon, as well as atmospheric conditions. In this respect, it is noteworthy that modelling the sea-lagoon connection in heavily regulated systems is a fundamental issue, being often incorporated as a boundary condition (Spillman et al. ) . In fact, one-dimensional models are commonly used to study this kind of system (Li et Uni-dimensional models do not include the effect of geometry and bathymetry on mixing and circulation (Vidal et al. ) . Here, we propose the application of a twodimensional model to calculate tide-induced currents, inflows to the system, and the wind action. Once calibrated and validated, this type of model may produce high quality results. We present a two-dimensional long wave model coupled with a quasi-three-dimensional wind model including specifications on the opening and closing behaviour of the sluice gates through a discharge weir coefficient. On the one hand, the long wave model allows taking into account the tidal circulation (astronomical and meteorological), the flow discharged by the irrigation channels, the balance between precipitation and evaporation and the inflows and outflows through the outlets (Bárcena et al. ; del Barrio et al. ) . On the other hand, the wind model is used to calculate the wind induced circulation.
The whole modelling system was calibrated and validated with real data from a whole hydrological year.
THE HYDRODYNAMIC MODELS
Two hydrodynamic models developed by the Environmental Hydraulics Institute 'IH Cantabria' were used in this work.
The first one, a two-dimensional depth-averaged model was used to characterize water circulation in the Albufera, the water fluxes entering the lagoon through the irrigation channels and those occurring through the three water outlets which connect the lagoon to the Mediterranean Sea.
The second one, a quasi-three-dimensional model, was applied to calculate wind-induced currents in the lagoon and the coastal area. Wind modelling allows the vectorial coupling of hydrodynamics induced by wind with the currents obtained with the long wave model. In this simplified approach, the effects of both models are evaluated separately and then linearly summed. Specifically, currents in 
Long wave model
The long wave model used here provides good results in shallow coastal areas (Castanedo et al. ; García et al. a; Bárcena et al. ) , as is the case of coastal lagoons.
The computational code solves the depth-averaged threedimensional Reynolds Averaged Navier-Stokes equations dividing the study area into rectangular cells to calculate velocity and water surface elevation. The dimension of the cells is a function of the size of the study area, and its resolution depends on the desired level of detail. Governing motion equations are expressed as follows:
where U and V are the components of depth-averaged velocities in the x and y directions, H is the water's depth, g is the gravity constant, P-E is the balance between precipitation and evaporation, η is the water surface elevation from mean sea level, f is the Coriolis parameter, N x and N y are the horizontal eddy viscosity coefficients, ρ 0 is the averaged density, τ sx ,τ sy are the friction terms in the water surface, and τ bx ,τ by are the friction terms in the bed. We assumed that density was uniform in our simulations.
Water surface friction terms are expressed as a function of wind:
where C a is a drag coefficient, ρ a is the air's density, and W x and W y are the wind velocities in the x and y directions.
The bed friction terms are given by the following formulas:
where C is the Chezy friction loss coefficient which can adopt different values depending on water depth as follows:
where K is the Nikuradse roughness. Besides this formulation, the model also allows specification of a constant Chezy friction coefficient. This method introduces an additional bottom boundary layer and redefines the total water depth (D) as H ¼ H þ h c , where H is real total depth (H ) and h c is the thickness of the bottom boundary layer. In terms of physics, the bottom boundary layer acts as a motionless viscous layer.
Technically, this layer should be thin enough to satisfy a motionless condition thereby ensuring numerical stability (Zheng et al. ) . If D is larger than h c , the point is treated as a wet point and its velocity and elevation are computed from the finite-difference equations. Otherwise it remains a dry point where water velocity is equal to zero. The thickness of the critical layer used was 10 cm, based on sensitivity studies of velocity and tidal elevation to h c .
Since the model considers the effect of precipitation and evaporation to define the mass balance equation, daily precipitation and evaporation regimes in mm d À1 were specified as input data. Based on this information, the model assesses the water balance at each time step, increasing or decreasing the free surface level. Moreover, we modelled the connection between the lagoon and the sea through the 'golas', which are controlled by several gates.
The effect of these hydraulic structures on the lagoon's discharge was included in the long wave model using the following weir discharge equation (Idelchik ):
where C g is a discharge coefficient which has to be calibrated, b is the weir's width, g is the gravity constant, U 1 is the upstream velocity, h 1 is the height of the free surface above the weir, and Q is the resulting flow passing through the gate. In this way, the gate regulatory effect on the water flux has been taken into account by an overflow weir discharge. ADI is an implicit method, which does two scannings (in the x and y directions) of the equation on the domain at the same time (implicit point of view).
However, the time increment between different time steps has to keep a Courant number <1 due to stability criteria.
Before the second scanning, the model solves the additional equation to obtain Q at the 'golas'.
The time step for the hydrodynamic model was chosen to be 6 s to ensure stable conditions according to Courant criteria. A constant eddy viscosity coefficient (E) of 0.1 m 2 s À1 was estimated by means of the formula (Álvarez ): )). An initial condition of zero metres above mean sea level was considered to start the simulation.
Wind model
Wind currents have a different vertical pattern to tidal velocities or inflows and outflows. The wind moves the water mainly on the surface, while near the bottom its effect is generally negligible. Thus, we used a quasi-three-dimensional model which takes into account the different structure of horizontal velocities due to wind action as a function of depth (Koutitas ) . This model provided good results in shallow coastal areas (García et al. b) . Its governing equations are the following: 
where τ sx ,τ sy are the friction terms in the water surface (calculated with the same method as the long wave model) and a x and a y are coefficients obtained from the parabolic approach of the velocity profile in the x and y direction described as:
The wind model used an ADI method. This numerical grid includes the irrigation channels that discharge into the lagoon, the lagoon itself, its connection to the sea through the three 'golas' (which constitute a complex set of channels equipped with sluice gates) and the coastal area. Figure 3 also shows the shallowness of the lagoon with maximum depths above 1 metre only at its central area.
FORCING EFFECTS ON LAGOON CIRCULATION
The simulations have been carried out considering the effect of different forcings (tide, wind, irrigation channel contributions, evaporation-precipitation balance and sluice gates opening regime) on water lagoon circulation.
Astronomical tide characteristics at the study area are described in Table 1 . The low amplitude of the tidal components led to a small variation of the sea water surface with a maximum tidal range of 25 cm (Figure 4 fore, the whole contribution of flow discharges to the lagoon was distributed over these 13 channels. Figure 6 shows the maximum, minimum and mean daily flow . Figure 7 shows how a good agreement was achieved between modelled and observed sea water levels. Not only was the trend reproduced but so were the water levels. The Nash-Sutcliffe coefficient of efficiency (CE) (Nash & Sutcliffe ) obtained a value of 0.99, which can be considered excellent, while the mean relative error (E r ) was equal to 1.8%, which according to Thomann & Mueller () makes the model's predictions reliable. Assessment of the discharge coefficient C g
As described before, a new parameter was introduced in the long wave model to take into account the effect of the sluice gate system on the flow evacuated through the 'golas'. In this way, the discharged flow was related to the number of open sluice gates through the discharge coefficient C g . To estimate this coefficient, time periods in which only the Pujol 'gola' was opened were used. These periods were the following: water levels and flows measured at the Pujol 'gola' location during those periods. Table 2 shows those values obtained for the discharge coefficient C g which showed the best fit.
This table also shows the relative error (E r ) found in the simulated lagoon level and discharged flow with respect to the data provided by the National Water Authority (Confederación Hidrográfica del Júcar ).
Hydrodynamic model validation at the Albufera lagoon
The validation process focused on the comparison of mod- 
MODEL RESULTS AND DISCUSSION
Two hydrodynamic models were applied to the Albufera's We also conducted a comparison of the modelled lagoon outflows with observed data at the Pujol 'gola'. As shown in Figure 10 , results of the model present a good effi- The annual distribution of the daily outflow at the gate location from model results is shown in Figure 11 , the Finally, in September, the emptying of the rice fields for the harvest produced another flow discharge period.
SUMMARY AND CONCLUSIONS
We carried out a hydrodynamic modelling to characterize the water level and flow velocities in a complex regulated lagoon using a two-dimensional depth-averaged long wave 
